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Purpose: The goal of this study was the evaluation of the bone tissue structural characteristics over the
time course of mandibular defect healing using micro-CT technique, as well as determination of the
inter-relationships between different micro-CT parameters used for assessment of the bone regeneration
process and the patterns of their dynamic changes.
Materials and methods: The body and ramus of the mandible was exposed in 24 Wistar rats. A 2-mm full
thickness bony defect was created. Animals were randomized into four groups, which were ended 3, 6, 12
and 24 weeks after operation. The mandible was excised and underwent micro-CT analysis. For statistical
evaluation, the Mann—Whitney U test, polynomial or exponential regression and Spearman analysis
were applied.
Results: The absolute volume of the bone regenerate increased from 1.69 + 0.53 mm> (3 weeks) to
3.36 mm® + 0.56 (6 months), as well as percentage of bone volume, increased significantly from
12.5 + 2.3% at the 3-week term to 26.4 + 8.7% at the 3-month term or 23.1 + 8.7% at the 6-month term.
Structural (trabecular) thickness gradually increased from 0.13 + 0.007 mm at the 3-week term to
0.3 + 0.11 mm at the 6-month term. The structural model index was 0.79 + 0.46 in the early phase after
trauma and then decreased to negative values.
Conclusion: The bone regeneration process was characterized by a significant increase (p < 0.05) in bone
volume, percentage of bone volume, structural thickness and bone mineral density, and a decrease in
bone surface-to-volume ratio and volume of pore space from the 3-week term to the 6-month term.
These changes can be mathematically described by nonlinear exponential regression models.

© 2018 European Association for Cranio-Maxillo-Facial Surgery. Published by Elsevier Ltd. All rights

reserved.
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1. Introduction

Bone regeneration and remodeling has been extensively studied
over the last decades, with an aim to develop new therapeutic
approaches for fracture healing, treatment of the bone defects and
osteointegration of implants. Significant progress in this field has
been in with the development of new regenerative strategies,
including guided tissue regeneration, tissue engineering, applica-
tion of the stem cells and grows factors, advanced fixation devices
and individualized implants (Giannoudis et al., 2005; Betz et al.,
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2008; Schliephake et al., 2008; Zhang et al., 2010; Monaco et al.,
2011; Kleinschmidt et al., 2013). However, repair of the large
mandibular and maxillary defects, caused by congenital anomalies,
trauma, infection, bisphosphonate-related osteonecrosis or tumor
resections, as well as augmentation of the alveolar bone in cases of
severe atrophy, remains a major challenge in oral and maxillo-facial
surgery (Kaban and Glowacki, 1981; Kontogiorgos et al., 2011;
Gomes and Fernandes, 2011; Beck-Broichsitter et al., 2015).
Development of new approaches and techniques to enhance bone
regeneration, substitute the lost tissue and control its remodeling
require fundamental knowledge of mechanisms and patterns of
bone regeneration processes.

Current research in this field is mainly based on animal
models with surgically induced injuries of the bone, due to their

1010-5182/© 2018 European Association for Cranio-Maxillo-Facial Surgery. Published by Elsevier Ltd. All rights reserved.


mailto:80667788837@ukr.net
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcms.2018.09.022&domain=pdf
www.sciencedirect.com/science/journal/10105182
http://www.jcmfs.com
https://doi.org/10.1016/j.jcms.2018.09.022
https://doi.org/10.1016/j.jcms.2018.09.022
https://doi.org/10.1016/j.jcms.2018.09.022

2204 T. Kustro et al. / Journal of Cranio-Maxillo-Facial Surgery 46 (2018) 2203—2213

similarity to the trauma and recovery processes in maxillo-facial
patients (Morgan et al., 2009; Jiang et al., 2009; Mashiba et al.,
2011; Hassanein et al., 2012; Faot et al., 2015). These models are
well established and include simple fracture models, ectopic
bone formation and bone defect models (Histing et al., 2011;
Kallai et al., 2011; Ning et al., 2017). The last ones were the
most extensively used for analysis of the mandibular bone
regeneration and can be divided, depending on their dimensions,
into drill-hole models, which heal spontaneously, and critical-
size bone defects, which require additional stimulation to be
substituted with the newly formed bone (Kaban and Glowacki,
1981; Burg et al.,, 2000; Giannoudis et al., 2005; Betz et al.,
2008; Gomes and Fernandes, 2011).

To quantify the bone growth within the defect in the course of
regeneration process, different approaches have been used including
histology, histomorphometry, immunohistochemistry, scanning
electron microscopy, conventional radiology etc (Schliephake et al.,
2008; Hassanein et al., 2012; Liu et al., 2016). However most of
them were associated with specimen destruction and had strong
limitation in three-dimensional (3-D) analysis of the regenerated
microstructure (Jiang et al., 2009; Lin et al,, 2012; Liu et al., 2016).

Recently, the use of micro—computed tomography (micro-CT) has
offered the advantage of precise analysis of the healing process, bone
microstructure and remodeling (Chappard etal.,2005; Swainand Xue,
2009; Bouxsein et al., 2010; Faot et al., 2015). It is a non-destructive
method which provides a qualitative and quantitative assessment of
bone volume and mineralization within an experimental bone defect,
based on 3-D CT scans with high resolution (a voxel size between 0.3
and 100 pm) (Muller et al., 1998; Fajardo et al., 2002; Plachokova et al.,
2007; Swain and Xue, 2009; Bissinger et al., 2015). Micro-CT can be
used for visualization and structural evaluation of the newly formed
bone by calculating the number of indexes, reflecting the bone
microarchitecture and different sides of the regeneration process
(Shefelbine et al., 2005; Schmidhammer et al., 2006; Morgan et al.,
2009; Cuijpers et al., 2014; Beck-Broichsitter et al., 2015).

Several studies have used micro-CT to measure bone volume,
bone volume fraction, and bone mineral density, as well as specific
parameters of regenerate/callus structure for understanding the 3-
D aspects of bone healing within the defects in different bones
(Gabet et al., 2004; Midura et al., 2005; Morgan et al., 2009; Kallai
et al,, 2011; Faot et al,, 2015). However, the mandible is a unique
bone which carries a significant masticatory load. For this reason,
the data obtained for other bones (e.g., calvarial defects) may not be
applicable to the mandible (Kaban and Glowacki, 1981; Fontijn-
Tekamp et al., 2000; Liu et al., 2016).

Most of the studies with mandibular defects investigated by
micro-CT used the critical-size defect model in which bone
regeneration was modulated by different therapeutic agents
(Geiger et al, 2005; Ye et al., 2011; Hassanein et al., 2012;
Manassero et al., 2013). There are only a few studies about the
physiological regenerative potential of the mandibular bone, with
certain contradictions concerning the interrelations between
different micro-CT indexes over the course of bone healing. Clinical
and biological significances of different micro-CT parameters in a
baseline model, their prognostic value and influence on
structure—function relationships in newly formed bone, as well as
the patterns of its remodeling under the functional loads (Beck-
Broichsitter et al.,, 2015) are also very different. Time-dependent
patterns and regression models of bone regeneration developed
for experimental fractures of the long bones cannot be successfully
applied to the mandibular defect repair (den Boer et al., 1998;
Shefelbine et al., 2005; Schmidhammer et al., 2006; Duvall et al.,
2007; Beck-Broichsitter et al., 2015).

With the advancing of imaging technologies, rapid development
of regenerative medicine and their wide application in oral and

maxillo-facial surgery, this knowledge has gained significant
importance for both experimental research and clinical diagnostics
(Swain and Xue, 2009; Morgan et al., 2009).

The aims of this study are to evaluate structural characteristics
of the bone tissue over the time course of mandibular defect
healing using micro-CT technique, as well as to determine the inter-
relationships between different micro-CT parameters used for
assessment of the bone regeneration process and the patterns of
their dynamic changes.

2. Materials and methods
2.1. Animals

Animal experiments were carried out in accordance with the
European convention for the protection of animals used for
experimental and other scientific purposes. The study was
approved by Ethic commission in Bogomolets National Medical
University. Three-month-old male Wistar rats were used for this
study. A total of 24 male Wistar rats (taken from vivarium of
Bogomolets National Medical University, Kyiv, Ukraine) with an
average weight of 270 + 30 g were used. The animals were kept in
standard housing conditions and allowed free access to water and
standard laboratory pellets.

2.2. Surgical procedure

The operation was performed under general anesthesia with an
intraperitoneal ketamine (10% 100 mg/kg) injection. Articaine
(Ultracaine DS, 3M ESPE; 0.5 ml) was additionally injected subcu-
taneously and into the masseter muscle for local anesthesia and
control of bleeding. The animals were maintained under anesthesia
during the entire surgical procedure. After local disinfection
(Betadine 10%, Egis, Hungary), an incision in the skin was made,
followed by masseter muscle dissection. The periosteum was
elevated and the external surface of the mandibular body and
ramus on the left side was exposed. A rotary drill (Medesy, Italy)
with a diameter of 2 mm was used to create a round, full-thickness
bony defect in the area of mandibular angle (Fig. 1). Such a diameter
of the defect was chosen because, according to the literature, larger
defects (3 mm or more) do not heal spontaneously and can be
considered as “critical size defects” (Kaban and Glowacki, 1981;
Beck-Broichsitter et al., 2015). The periosteum was placed in its
original position, then the wound was closed with resorbable

Fig. 1. Surgical procedure: a circular defect with diameter 2-mm drilled in the area of
the mandibular angle.
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sutures (Vicryl®; Ethilon, Norderstedt, Germany). In the post-
operative period, pain was relieved by Dexalgin (Berlin-chemie/
Menarini pharma gmbh, Germany), 0.002 mg/g. For prophylaxis of
infection development Ceftriaxone, 0.5 mg/g body weight, was
injected intramuscularly for 1 day.

2.3. Study protocol

The animals were randomly divided into 4 equal groups with 6
animals in each. According to their group affiliation the animals were
sacrificed after 3 weeks, 6 weeks, 3 months and 6 months, by an
intraperitoneal overdose injection of Thiopental (Arterium, Ukraine).
The hemimandible containing the body and ramus were explanted.
The masticatory muscles were removed. The specimens were fixed in
4% phosphate-buffered formalin solution for further examination.

2.4. Micro-CT measurement and quantitative analysis of bone
structure

Altogether 24 excised rat mandible samples were measured and
analyzed. The mandibles were fixed to the bed in a spongy cylinder
to locate them near to the spatial center of the gantry. Measure-
ments were performed by a Skyscan 1176 micro-CT instrument and
took approximately 70 min. The resolution of the images was
8.74 um. Parameters of the source were set to 50 kV and 500 pA;
exposure time was 1000 ms.

After scanning, the raw images were reconstructed with the
NRecon software, which was published by Bruker Inc. (Beck-
Broichsitter et al., 2015). Ring artifact was set to 0, smoothing to 3
and beam hardening to 30%.

After reconstruction, the images were sent to CTAn software for
further analysis also developed by Bruker Inc. Incisors were
removed from the evaluation in order to clearly detect only the
bone defects. The regions of interest (ROIs) were determined in the
sagittal plane. A circular area with a 2-mm-wide diameter was set
up at the first sagittal slice where the damage on the bone was
clearly seen (Fig. 2A). The same was done on the contralateral side
of the mandible also. These two ROIs on the two sides of the
mandible formed a volume of interest (VOI) in three dimensions
with a figure of a cylinder made by the CTAn software (Fig. 2B).

Every structure in this specified area was calculated for Houns-
field units (HU) proportional to bone mineral density (BMD), bone
volume, bone surface and structural thickness, excluding the teeth.
Two phantom rods were used for the calibration of the bone density
measurements. BMD is defined as the volumetric density of calcium
hydroxyapatite (CaHA) in terms of g/cm?. It is calibrated by means of
phantoms with known BMD. It can refer to two slightly different
measurements: to the density of a defined volume of bone plus soft
tissue, as in trabecular (medullary) BMD, or to a density measure-
ment restricted to within the volume of calcified bone tissue, such as
cortical (volumetric) BMD. Hounsfield units are a standard unit of x-
ray CT density, in which air and water are ascribed values of —1000
and O respectively. It has been found over several decades of CT
imaging to be a useful general CT density calibration system (HU and
BMD calibration in CT-analyzer; Bruker Inc.).

3-D reconstructions were also made from these datasets and
colored to show the different bone mass values in the mandibles
using the CTvox software developed by Bruker Inc (Fig. 3).

2.5. Statistical analysis

The micro-CT parameters of the bone regenerate were sum-
marized as mean + standard deviations for each micro-CT index
and each group. For analysis of the data, non-parametric sta-
tistics were used. The Mann—Whitney U test was used to

compare the changes in each parameter in different terms after
trauma. The level of significance was set at p < 0.05. Statistical
analyses were performed using SPSS software (IBM Corporation,
Armonk, NY, USA). In order to evaluate the statistical connection
between indexes and their time related dynamics linear, poly-
nomial or exponential regression analysis were applied using
OriginPro software. Spearman analysis was conducted to
calculate the correlation coefficients between different micro-CT
parameters.

3. Results

Macroscopic analysis revealed no signs of infection in all sam-
ples. However, in 5 cases, defects were not substituted with the
newly formed bone. The percentage of bone volume within these
samples was less than 0.2—0.4% in the early term and less than 5%
in the late term after trauma. In all these cases, the defects were
formed in the areas with thin bone represented only by cortical
layer, and the general course of the impaired bone regeneration was
like the critical size defects (Fig. 4). These cases were excluded from
further analysis. In other samples the qualitative analysis of the
bone regeneration process, based on micro-CT, revealed the
following.

Three weeks after surgery, the defects were partially filled with
the newly formed bone. It was represented by immature trabecular
structure, more dense in the areas located near the defect borders.
The margins of the defect area were clearly recognizable in all
samples. The number and thicknesses of the bone structures as well
as the number and dimensions of open or closed pores had sig-
nificant topographic variability. It determines the certain extent of
structural inhomogeneity of the regenerate in this term of
observation.

Six weeks after surgery, the bone tissue of the regenerate
became denser, trabecule increased in size, and in some areas the
bone structure became more compact. The areas of the compact
bone had an irregular shape and, at some locations, were integrated
with the undamaged cortical layer of the mandible. At the same
time, in all observations, it was possible to differentiate the
boundaries of bone regenerate inside the defect, as its structure was
significantly different from that of the intact bone.

Three months after surgery, the signs of bone remodeling
were noted inside the defect with gradual restoration of the
specific architectonics of the rat mandible in appropriate
anatomical regions. The compact bone areas merged with each
other and integrated with the surrounding bone to form a
cortical layer the thickness and mineral density of which were
less than in the intact cortical bone. The newly formed spon-
gious bone was characterized by significant structural hetero-
geneity with the presence of large pores or dense/compacted
areas and chaotic arrangement of the trabecular mesh. In gen-
eral, the structure of the regenerate was different from the
surrounding bone, although in this period of observation at in-
dividual sites it was quite difficult to determine the boundaries
between them.

At the 6-month term, the samples differed slightly in the
resultant pattern of bone regeneration and remodeling. In general,
the margins of the defect area were not clearly recognizable. The
restoration of the cortical layer continuity and a clear differentia-
tion of the cortical and spongious bone layers were detected in all
the samples. However, the architectonics and structure of the bone
tissue inside the defect differed from those of the intact bone: the
cortical layer was thinner, with less mineral density and was more
porous. The spongious layer was characterized by a chaotic orien-
tation of the bone structures. Their size, density, number and size of
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Fig. 2. Three-dimensional reconstruction of the rat mandible demonstrating the bone defect and healing after digitally removing the incisors (A) and the volumes of interest (VOI)

for quantitative analysis (B).

pores did not match to the full extent the structure of the sur-
rounding intact bone (Fig. 5).

Morphometric parameters calculated by a CT-analyzer in direct
three dimensions based on surface rendered volume models of the
defect are presented in Table 1. The total volume of the bone defects
(VOI) ranged from 9.9 mm? to 16.7 mm? (mean 12.5 + 1.7 mm°)
with no statistical differences between groups. The absolute vol-
ume of the bone regenerate increased from 1.69 + 0.53 mm> (3

weeks) to 3.36 mm? + 0,56 (6 months), as well as the proportion of
the VOI occupied by the newly formed bone structures (percentage
of bone volume). This parameter increased significantly from
12.5 + 2.3% at the 3-week term to 26.4 + 8.7% or 23.1 + 8.7% at the
6-month term. The percentage of bone volume is more precise in
description of the defect substitution by the regenerating bone. Its
increase was the most intensive during the first 3 weeks, then the
rate of the new bone formation slowed and remained practically
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Fig. 3. Demonstrative picture of a 3-D reconstruction and artificial coloring of the rat
mandible to visualize bone mineral density from blue (lowest) through green, yellow
and red (highest).

stable after the 3-month term (Fig. 6). This process of mandibular
defect substitution was well described by a non-linear (exponential
fit) model (Fig. 7).

The bone remodeling in the course of regenerate maturing
resulted in compaction and establishment of the more regular
trabecular mesh; structural (trabecular) thickness gradually
increased (Fig. 6) from 0.13 + 0.007 mm at the 3-week term to
0.3 + 0.11 mm at the 6-month term. Thickness distribution is a
powerful means of characterizing the shape of a complex struc-
ture. The most intensive rate of trabecular thickness changes was
observed between 3 and 6 weeks after trauma. There were no
significant differences in bone surface (the surface area of all the
bone objects within the VOI), but the bone surface/volume ratio
significantly decreased at the 6- week term and then stabilized at
practically the same level. Surface-to-volume ratio is considered
a useful parameter for characterizing the thickness and
complexity of structures. Regression analysis for this index,
reflecting the bone remodeling process, revealed evidence for a
highly significant exponential (R*> = 0.78, p < 0.01) statistical
association (Fig. 7).

There were no significant changes in such morphometric
parameters as structural separation and structural linear density
during the course of the bone defect healing. At the same time
there was a tendency toward a slight increase in degree of
anisotropy within the VOI over the course of bone regenerate
formation and remodeling; however it was not significant for
this number of observations. The structural model index (SMI),
which indicates the prevalence of the rod-like or plate-like
structures within the VOI (Hildebrand and Ruegsegger, 1997),
was the highest in the early term after trauma (mean value
0.79 + 0.46) and then decreased to the negative values. In
normal bone, a value of 3 indicates a rod-like structure, and a
value of 0 indicates a plate-like structure; but in regenerated
mandibular bone, because of increased bone remodeling,
trabecular plates may be perforated and connecting rods dis-
solved, so traditional procedures, which are based on a fixed
model type, might lead to questionable results (Kontogiorgos
et al.,, 2011), such as negative SMI values observed in at 6-
week and 3-month terms.

Fractal dimension, which is an indicator of surface complexity of
an object and quantifies how that object's surface fills space,
demonstrated no significant changes over the course of the bone
regeneration.

The bone density inside the defect increased according to the
non-linear low with the most intensive dynamics in 3-week and 6-
week terms.

The analysis of such indexes as the number of objects and the
number and volume of pores showed that such indexes for
mandibular bone regeneration are less informative than for normal
trabecular bone analysis, due to the high individual variability. In
general there was a tendency toward a decrease in the number of
objects over time, reflecting the process of bone compaction and
restoration of its functional integrity. However the changes in this
index were insignificant for the number of observations included in
the study. The closed pores were few in number and their volume
was negligibly small. The total porosity of the regenerate was
absolutely determined by open pore spaces. This index decreased
significantly in late terms after trauma and correlated with an in-
crease in percentage of bone volume.

4. Discussion

The study of the mandibular regeneration, specification of the
patterns for bone tissue proliferation and remodeling, and mathe-
matical description of the time-dependent changes of the bone
architecture in the injured zones has great importance for treat-
ment planning and prognosis in bone reconstructive and orthog-
nathic surgery, oral implantology and facial trauma management.
The volume of newly formed bone, its mineral density, structural
integrity, morphological characteristics of the trabecular mesh and
compact bone areas determine the bone quality, its mechanical
properties and the long-term success of the surgical interventions
(den Boer et al., 1998; Shefelbine et al., 2005; Bauer et al., 2006;
Morgan et al., 2009).

Currently micro-CT is the gold standard for assessing BMD and
bone microstructural features. It is considered to be a proper method
for experimental evaluation of the bone architecture and structural
morphology under various pathologic conditions (Swain and Xue,
2009; Bouxsein et al., 2010; Faot et al., 2015; Bissinger et al., 2015).
It has significant limitations in comparison with histomorphometric
study, as it has no possibility to analyze the cell proliferation and
differentiation, microcirculation and vascularization inside the bone,
rate of mineral apposition and bone remodeling. However it pro-
vides highly informative and precise imaging data for 3-D quanti-
tative morphometric analysis of the bone structure. The advantages
of micro-CT application are nondestructive assessment of internal
and external bone morphology, high resolution and accuracy (Muller
et al., 1998; Fajardo et al., 2002; Chappard et al., 2005; Cuijpers et al.,
2014; Liu et al., 2016).

Micro-CT is also widely used for pre-clinical evaluation of the
bone plastic materials and scaffolds for tissue engineering, their
architecture, degradation and remodeling, as well as the healing
capability of bone regenerative materials and new bone formation
within the scaffold or mineral matrix (Burg et al., 2000; Geiger
et al., 2005; Morgan et al., 2009). Such studies are performed in
the standard animal models, and for proper interpretation of the
obtained results there is a need for good understanding of healing
patterns in mandibular bone and changes in the main morpho-
logical parameters in the normal course of bone regeneration
(Midura et al., 2005; Jiang et al., 2009; Li et al., 2015). The mathe-
matical description of these changes and associations between
parameters that reflect different aspects of the regeneration pro-
cess is also a problem of great clinical significance.

The number of micro-CT parameters and indexes are used to
study the bone morphology in long bones either in normal or in
pathological conditions (for example, in osteoporosis). Their
referent values and biological relevance, as well as correlations
with quantitative histological and histomorphometric indexes, are
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Fig. 4. Demonstrative 3-D reconstruction pictures of (A) impaired bone regeneration 3 months after surgery with no signs of bone defect substitution, and (B) the normal course of
the bone regeneration 3 months after surgery, in which the bone defect is substituted by the newly formed bone.

well established for the long bones in experimental animal studies
and human bone biopsies (Fajardo et al, 2002; Reddy and
Lakshmana, 2003; Francisco et al., 2011; Kallai et al., 2011).
However, the values of micro-CT morphometrical parameters
and their dynamics in the normal course of bone regeneration
after traumatic injury have rarely been reported (den Boer et al.,
1998; Schmidhammer et al., 2006; Morgan et al.,, 2009). The
mandible is significantly different from long bones in its archi-
tecture, anatomical shape and loading conditions. Due to the
specific mechanical load and embryogenesis, the cortical-to-
trabecular bone ratio in the rat mandible is higher than in
other bones (e.g., long bones). Stereology-based comparison of
the trabecular bone structures in the mandible or tibia by

histological and micro-CT methods have shown significant dif-
ferences in qualitative morphometrical parameters, reflecting
the differences in micro-architecture of the mandibular bone, so
observations in other bones may not be transferable to the
mandible (Liu et al., 2016). There are only a few studies in which
the impact of surgical interventions or exogenic factors on the
bone healing or regeneration in the mandibular bone was
investigated (Kontogiorgos et al., 2011; Faot et al., 2015; Beck-
Broichsitter et al., 2015).

In present study, micro-CT was capable of visualizing the new
bone formation inside the mandibular defect and 3-D changes in
regenerate structure over the course of the bone healing process
with a high level of accuracy. Among the numerous parameters that
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A
)

Fig. 5. Micro-CT slices passing through the bone defects, filled with newly formed bone. (A) 3-Week term; (B) 6-week term; (C) 3-month term;

Table 1
Micro-CT morphometric parameters of the bone regenerate in 3-D analysis.

Parameter 3-D integrated analysis of all objects in VOI (mean + SD)
3 weeks 6 weeks 3 months 6 months

Number of samples 4 4 5 5

Total bone volume, 1.69 +0.53 2.03+0.89 33+1.18" 3.36 + 0.56"
mm?

Percent bone volume, 12.5 + 2.3 16.6 + 6.7 264 + 8.6" 23.1 + 8.6°
%

Bone surface, mm? 46.7 +12.8 303 +£10.7 446 +8.6 451 +17.5

Bone surface/volume 27.9 + 1.3 155 +23* 142 +2.7° 134 + 4.6°
ratio, mm !

Bone surface density 3.5 + 0.5 25+0.7° 3.6 +0.7 28 +0.5

Structure thickness, 0.13 + 0.007 0.2 + 0.016" 0.25 + 0.048" 0.3 +0.11°

mm

Structure separation 0.98 + 0.07 1.11+0.22 086 +0.12 1.1 +0.29

Structure lineal 096 +0.14 0.7 +0.24 1.02 + 0.2 0.77 £ 0.17
density

Degree of anisotropy 1.7 + 0.37 1.8 +£0.2 1.8 +0.35 2.2 +0.56

Fractal dimension 219 +0.093 2.12+0.3 227 £0.089 224 +0.1

Bone mineral 0.17 +£0.02 026 + 0.01° 0.28 + 0.02* 0.3 + 0.08"
density, g/cm?

Number of objects 59.2+272 3725+37 152+146 204+11.6

Number of closed 158 + 109 16.75 +£8.61 10 +6.32 10 + 5.66
pores

Volume of closed 09+ 05 1.9+038 24+3 57+6
pores, x 10 >mm?

Closed porosity, % 0.05+0.02 0.1+0.01° 0.07+0.07 0.18+0.2

Volume of open 11.6 + 1.6 9.98 + 0.8 915+ 1.1 13.1 £ 8.1
pores, mm>

Open porosity, % 87.5+23 833 +6.73 73.5+ 8.6 76.9 + 8.6

Connectivity 391.5+ 167 93.8 +51.3" 137.6 +37° 187.6 +224

Connectivity density 285+89 7.6 +3.6° 112 £3.6° 93 +7.84°

¢ Differences with 3-week term are significant (p < 0.05 by Mann—Whitney U test).

D) 6-month term.

can be used to describe trabecular bone microarchitecture and
cortical bone morphology (Shefelbine et al., 2005; Morgan et al.,
2009; Bouxsein et al., 2010; Kallai et al., 2011), only a few appear
to be useful for characterization of the bone healing processes. The
most informative indexes which describe the course of the bone
regeneration have been total bone volume, percentage of bone
volume, bone surface-to-volume ratio, structural thickness, bone
mineral density and structural connectivity.

Such indexes as bone surface density, structural separation,
structural linear density, structural model index, fractal dimension,
surface convexity index and degree of anisotropy, which were
previously used in describing trabecular bone microarchitecture
(Miiller et al., 1996; Bouxsein et al., 2010; Faot et al., 2015; Liu et al.,
2016), appeared to be non-informative in mandibular regeneration
studies. As shown in previous studies, such factors as trabecular
thickness, connectivity, anisotropy and special complexity of the
trabecular mesh as well as the bone mineral density are important
determinants of bone strength and stiffness that are important for
the functional capacity of the bone under specific loading condi-
tions (Ulrich et al., 1999; Shefelbine et al., 2005; Gardner et al.,
2008; Morgan et al., 2009).

The bone healing process was characterized by a gradual in-
crease in bone volume, structural thickness and bone mineral
density, and a decrease in bone surface-to-volume ratio and vol-
ume of pore space. Areas of new bone formation were clearly
detectable 3 weeks after operation, with a significant increase in
bone volume until the end of the study in a 3-D evaluation. The
irregular trabecular mesh of thin bone plates which filled the defect
in the early stages of the bone regeneration (3 and 6 weeks) became
more compact, underwent significant remodeling and increased in
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Fig. 6. Dynamics of the micro-CT parameter measurement in 3-D evaluation.

mineral density up to the 6-month term. These changes reflect the
normal course of the bone healing aimed at restoration of the
original bone shape, volume and quality.

However, even in late terms after trauma (i.e., 6 months), the
structure of the bone regenerate did not exactly match the ar-
chitectonics of the surrounding intact bone. Kontogiorgos came to
the same conclusion regarding mineral density and bone volume
fraction between mandibular regenerated and native bone after
12 and 18 weeks of consolidation. The author showed that native
bone was denser because of a thick outer layer of cortical bone
that was not formed in the regenerate in these terms, but the
regenerate showed a significantly higher number of thicker tra-
becule, which contributed to its mechanical properties to with-
stand mastication loads.

The general course of the bone regeneration in our study also
corresponded to the previous results of the histomorphometric
studies in animal models with the same terms of observation
(Cope and Samchukov, 2000). However, the obtained data helps
to quantify the bone regenerate more precisely and gives a

comprehensive view on the 3-D morphology of new bone
formation.

It was demonstrated that the changes in the main micro-CT
parameters are well described by non-linear exponential models.
The linear regression models proposed by some authors (Umoh
et al., 2009; Beck-Broichsitter et al., 2015) are valid only for early
terms after trauma and can be considered only as a segment of
more general consistent pattern. The regression models obtained in
the study represent the normal course of the bone regeneration and
can be used for prognosis in both experimental and clinical studies.
In the future, with further improvement of conventional CT and
software for CT data analysis and visualization, it will be possible to
obtain more accurate and reliable quantitative data on bone
regeneration in patients who have undergone operation on facial
bones.

The present study has several limitations. The number of sam-
ples included in the final analysis was relatively small (4—6 animals
in each group), with marked individual variability for some pa-
rameters. The main findings cannot be directly transferred to
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Fig. 7. Exponential regression analysis of the micro-CT parameters and their dynamics in postoperative follow-up.

humans, as there are significant differences in functional anatomy
and increased bone turnover in rats in comparison to those in
humans. All rats were sacrificed before micro-CT scanning, so there
was no possibility for longitudinal study of the bone microstruc-
tural changes in each animal during all the observation terms.
There were some topographic differences in the location of the
defects, which may have influenced the course of the bone regen-
eration process. However, in all cases such differences were sig-
nificant (bone defects, located in the incorrect position within the
ramus were excluded from the study). The micro-CT scanning of the
samples was performed without any histologic or biomechanical
evaluation of the bone regenerate, which may be important for the
proper interpretation of the obtained results, and can be the subject
for further investigations.

5. Conclusion

Micro-CT analysis proved to be an informative and highly ac-
curate method for 3-D morphometrical analysis and quantitative
characterization of bone microstructure in mandibular bone
regeneration. The bone regeneration process was characterized by a
significant increase (p < 0.05) in bone volume, percentage of bone
volume, structural thickness and bone mineral density, and by a
decrease in bone surface-to-volume ratio and volume of pore space
from the 3-week term to the 6-month term. These changes can be
mathematically described by non-linear exponential regression

models. The general course of the regeneration process resulted in
adaptive changes in 3-D morphology of the bone tissue, but even in
late terms after trauma (i.e., at 6 months), the structure of the bone
regenerate did not exactly match the architectonics of the sur-
rounding intact bone. The results contribute to a better under-
standing of the postoperative healing process and can be used for
diagnostics, treatment planning and prognosis in patients with
facial bone pathology.
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